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INTRODUCTION.
The periodicity of transpiration cannot be satisfactorily
explained until more is known about the exact behavior of
stomata. The object of this paper is to record certain investiga-
tions of the conditions and changes occurring within the leaves
and in the environment which are correlated with the high day
and low night rates of transpiration. These investigations have
been confined to a single species of plant, patience dock—
(Rumex patientia L.) and the conclusions drawn apply to this
plant, and perhaps to others.
Continuous records of environmental factors and of trans-
piration have been obtained, and synchronous observations of
stomatal pores, starch content, sugar content, osmotic values,
and H-ion concentrations of the guard cells have been made.
The results are reported in the following pages.f
Patience dock was selected for this work because it has very
large guard cells. The epidermis which is only slightly cutinized
can be very easily removed from the large smooth leaves which
are entirely free from epidermal hairs or appendages. The
plants grow readily in the greenhouse or in the garden.
Stomata are present on both surfaces of the leaves. Numer-
ous counts showed more per unit area near the margin than near
the midrib of the blade and more near the tip than the base of
the blade. On mature leaves they average 32 per square
*Papers from the Department of Botany, The Ohio State University, No. 171.
fA Preliminary report of this work was published in Science, Vol. 67, 205-206,
Feb. 16, 1923.
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millimeter on the upper surface and 49 per square millimeter on
the lower surface of the leaf. The guard cells which resemble
those of most mesophytic leaves, are surrounded by three or
four rather small cells corresponding to subsidiary cells which
can be easily distinguished from the larger, more irregular
epidermal cells.
The wide-open pores on mature leaves average 18ju wide by
28/x long. The guard cells average 15JU larger in each dimension.
Verbena ciliata and Fouquieria splendens, which Lloyd (1908)
used in his investigations, have average pore openings of IOJU
by 15n and 9/J by 18/x, respectively. Eckerson (1908) reported
the largest found in her observations as occurring on the upper
surface of wheat leaves (grass type) 7ju by 40JU and those of
Chrysanthemum frutescens (the common type) 11// by 35/JL.
Pool and McKay (1916) reported those of alfalfa 3ju by 8JU.
The large size of the stomata of patience dock is of decided
advantage in making measurements of pores and micro-
chemical tests of guard cell contents.
PART I.
DIFFUSION OF WATER VAPOR THROUGH THE STOMATA.
I. DIFFUSION OF WATER VAPOR THROUGH SMALL OPENINGS.
It has been known for some time that the exchange of gases
and the loss of water from leaves occurs mainly through the
stomata. The effect of variations in size of the pores on the
rate of these processes is not as thoroughly understood. These
experiments are confined to the loss of water vapor through
the stomata since it is much easier to measure. The same
principles of diffusion apply to all gases or vapors.
Brown and Escombe (1900) came to the conclusion that the
static diffusion of gases through small openings is proportional
to their diameters rather than to their areas. Table I confirms
Brown and Escombe's results and shows very clearly that the
diffusion of water vapor through small openings of this size in a
thin septum is more nearly proportional to the diameters than
to the areas of the openings. Since diameters and circum-
ferences of circular openings are proportional it follows that
diffusion is also proportional to the circumferences. It is
possible to make two holes in a septum with the same circum-
ferences or perimeters but with quite different shapes and areas;
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in fact this is the case with the openings between the guard cells.
When the guard cells are very wide open the pores are almost
circular, but become elliptical and finally narrow slits as the
guard cells close. If no changes in perimeter occurred on
closing as much water vapor could diffuse through the pores
when almost closed as when wide open according to this line of
reasoning (neglecting the thickness of the septum).
Experiments were performed to see if Brown and Escombe's
diameter law held when the shape of the hole was changed, but
the perimeters remained the same. Two holes, one elliptical
TABLE 1.



































































and one circular, were made in thin sheets of celluloid (Eastman
Kodak Films) and the diffusion of water vapor through them
was measured. Table 2 gives the results of these experiments
which were repeated many times. Although these results do
not agree as closely as those which illustrate the "diameter law,"
they do show that diffusion through an elliptical and a circular
opening is more nearly proportional to the perimeters than to
the areas of the openings. The elliptical opening has an area
of only 14% of the circular opening, but there was 83% as much
water vapor passed through the elliptical opening as through the
circular opening under exactly identical conditions of temper-
ature, humidity, etc. Exact agreement between perimeters
could not be obtained although the experiments were repeated
many times with different sized openings and under different
conditions. In every case the results obtained showed quite
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close agreement between perimeters but no relation to the areas
of the openings.
It should be noted that these results are not the same as
those previously reported on this subject. Stefan (1882) on
theoretical grounds reported that the evaporation from a circular
surface was almost the same as from an elliptical surface of the
same area. But these results indicate that evaporation from a
circular surface would be more nearly equal to that from an
elliptical surface having the same perimeter, not the same area.
As far as could be found no one has ever tried to verify Stefan's
deductions in their relation to diffusion through circular and
elliptical openings in septa. Brown and Escombe (1900)
verified Stefan's deductions concerning the relation of diffusion
through circular openings in a thin septa and found very
TABLE 2.
DIFFUSION OF WATER VAPOR THROUGH ELLIPTICAL AND A CIRCULAR OPENING IN
























close agreement between diameters and diffusion when the holes
. were smaller than 5 mm. in diameter. Thomas and. Ferguson
(1917) showed that for circular surfaces of 2 to 10 cm. in radii
that the evaporation is proportional to the (radius2) 1.5 when the
vessels are full of water and not to the (radius2) 2 as Stefan's
theory demanded.
In. calculating, the absorption of CO2 and the loss of water
through the stomata Brown and Escombe (1900) assumed that
Stefan's deductions were. correct and considered that the
elliptical stomatal openings were equal to a circular opening of
the same area in their diffusion capacity. Renner (1910)
followed Brown and Escombe's assumptions in his work. Lloyd
(1908), Livingston and Estabrook (1912), and Loftfield (1921)
also made the same assumptions in expressing the diffusion
capacity of the stomata. Livingston and Estabrook (1912)
introduced the formula Vab to express the diffusion capacity
of stomata, a and b being the major and minor semi-axes of
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the elliptical opening. This formula, \ /ab, is the radius of a
circle whose equal area is to that of the elliptical opening, and
is derived from the formula for the area of an ellipse. But
since the pores are not true ellipses and vary considerably from
true ellipses especially when the stomata are almost closed the
best representation of the diffusion capacity of the pores would
be their average perimeters. This can be measured easily
with a small flexible rule from camera lucida drawings or
photographs of the pores.
In considering the diffusion of gasses through stomatal
openings a "Perimeter Law," i. e., variations in the rate of
diffusion in proportion to the perimeter of the openings would
more nearly represent the actual diffusion capacity of the
stomata than Brown and Escombe's "Diameter Law."
FIGURE 1.
Photograph of the surface of an uninjured leaf of patience dock
showing the stomata in position. (About 90X-)
II. MEASUREMENTS OF PORE DIMENSIONS.
The study of the size of the pores of the leaf was made by
the second method suggested by Lloyd (1913) of direct observa-
tion in position on the uninjured leaf. It is possible to see
clearly and measure accurately or even photograph (see Figure
1) the stomata of patience dock because of their large size, with
a lens having a 4 mm. working distance and a 12.5 eyepiece. An
ordinary condenser and light from the northern sky, instead of
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direct sunlight, was used; thus no injury to the leaf resulted from
overheating. Careful checks were made and no injury to the
leaf or change in the size of the pore resulted as reported by
Loftfield (1921), even from repeated observations on the same
place of a single leaf.
This method was chosen in preference to the absolute alcohol
method also introduced by Lloyd (1908) and then later used by
Loftfield (1921) because repeated checks always showed a
narrower pore when the epidermis was removed and placed in
absolute alcohol. Table 3 gives the results of a comparison of
the two methods. Ten large pores were measured on the lower
surface of the leaf and the epidermis from this same area was
quickly removed and placed in absolute alcohol. Measure-
ments were then made from the .material in absolute alcohol.
TABLES.
COMPARISON OF SIZE OF PORES IN POSITION ON THE UNINJUBED LEAF WITH THOSE
ON CUT AND STRIPPED PIECES OF EPIDERMIS WHEN PLACED IN DISTILLED

















A comparison of the results shows that caution must be used in
the absolute alcohol method, because removing the epidermis
from the leaf may change the size of the pores.
The average size of the stomata when they are wide open is
18JU by 28JU, and the maximum is 20jti by 36JU. They vary from
37 per square millimeter on the lower surface at the base to 60
per square millimeter at the tip and from 36 to 38 per square
millimeter on the same places on the upper surface of the
mature leaf. Younger smaller leaves show more per unit area
then the older larger ones. The average is 49 on the lower
surface and 32 on the upper surface of the leaves. Comparing
the elliptical opening to a circle having the same perimeter and
assuming that they are spaced about equal distance apart,
32 stomata .1-81 ji by 28M, which is the average size, would be 9.3
diameters apart and 49 per square millimeter would be 7.2
diameters apart, Thus the stemata average 7.2 to 9.3 diameters
apart on the leaves. According to Brown and Escombe's
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results, there is little or no interference in diffusion between
stomata when they are 8 to 10 diameters apart. That is, at or
beyond this distance apart each stoma functions as a single
opening.
From these results we can conclude that in patience dock
each stoma acts practically as an independent unit. Any
formula which would express the relation of the size of the pores
to the rate of water loss through them should be derived from
the linear dimensions of the pore and not from the area, since
as shown by Table 2 the diffusion through elliptical openings is
more nearly proportional to the perimeter than to the area.
Variations in the perimeter of the pore, therefore, would more
nearly represent the relation of the size of the pores to water
loss through them.
III. COMPARISON OF PORE DIMENSIONS.
A comparison of perimeter, area, and width of the pores
during opening and closing and the normal daily variations in
these dimensions was made by direct observation on the
uninjured leaves. Measurement of camera lucida drawings
of the pores at different degrees of opening were also made.
Much data were obtained from these studies, and since space is
limited a summary only is included here.
Figure 2 shows the perimeter and area of the average pore
(18/i by 28ju) at different stages of opening. These results are
actual measurements of areas with a planimeter and perimeter
with a flexible rule of camera lucida drawings of the pores at
different degrees of opening. An examination of these curves
shows that the area of the pore is about proportional to the
width of the opening, but in the case of perimeter this is quite
different. When the pore is open only 10% or l.Sfi in width
the perimeter is 60% of the maximum. Thus, according to the
diffusion law as applied to perimeters, the amount of water
vapor which could diffuse through the pore when it is 10%
open is 60% of the maximum; but since actual experiments
have shown only an average of 83% as much diffusion through
an elliptical as through a circular opening of the same perimeter
we must modify this accordingly; so from actual physical
experiments about 50% (83% of 60) of the maximum amount
could diffuse through the narrow slit as compared to the wide
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elliptical opening. On closing, therefore, the rate of water
loss through a stoma would decrease about 50% until the pore
closed completely when the amount would be 0%.
IV. DAILY VARIATIONS IN PORE DIMENSIONS.
Figure 3 shows the width, area, and perimeter of the pore
during a 24-hour day. Observations were made every hour as
CO 7O To 93 Tobji,to Jo so
FIGURE 2.
Perimeter and Area of the average pore (18M X
at different stages of opening.
long as the stomata were found open. Records were made
throughout the night, but the stomata of patience dock were
never found open at night, even in bright moonlight. This
is the opposite of their behavior as reported by Loftfield (1921).
The first indication of opening occurs shortly after daylight in
the morning and many may be found open at sunrise on a
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bright morning. On cloudy days opening is slower. Figure 3
shows a gradual increase in width of the pores until a maximum "
was reached at about noon and then a gradual decrease in width
until they were completely closed at sundown. This is not the
behavior that always occurs, however, for the degree of opening
is influenced very much by environmental conditions, especially,
humidity, the amount of water in the soil, and the temperature.
FIGURE 3.
Daily variations in the width, area, and perimeter of
the average pore (18/u X 28M)-
On a bright clear warm morning maximum opening may be
reached at 9 o'clock and if a favorable water balance is main-
tained throughout the day they may remain open until 5 o'clock
in the afternoon. If the plant wilts slightly during the middle
of the day closure results and opening may occur again in the
late afternoon if wilting is not complete. If the plant is badly
wilted they close and remain closed the rest of the day even in
bright sunlight. Stomata on badly wilted plants which do not
regain their turgidity at night do not open in the morning. No
difference in the general behavior of the stomata on the two
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surfaces of the leaf could be determined in all these observations.
Loftfield (1921) reported midday, closure of the stomata of
patience dock and other plants; also night opening under
certain conditions, especially lack of water. Although midday
closure was very common, opening at night was never observed
by the methods used in this work, even when the plants were
not supplied with water until permanent wilting resulted.
V. BEHAVIOR OF STOMATA IN DARKNESS AND
DURING WILTING.
There are two other interesting facts in the behavior of the
stomata of patience dock which were noted and carefully worked
out in these investigations. If a plant growing under normal
conditions is placed in a dark box after sundown or late after-
noon the stomata open at the usual time in the morning to
10-15% of their maximum width by the middle of the forenoon
and close again by noon. If the plant is kept continually in
the dark this rhythm occurs noticeably the second morning,
but not on the third or fourth day. A similar behavior of
stomata has been reported by others, but in most cases actual
observations of the stomata were not made, but this behavior
was inferred from the transpiration curve. In patience dock
there can be no doubt of this fact since the opening can easily
be seen with a microscope.
When the leaves of Rumex patientia are taken from the
plant in a turgid condition with the stomata open the leaves
wilt quite rapidly. During this wilting there is a temporary
opening of the stomata to a wider value in from 10 to 15 minutes
after the leaf is taken from the plant; and then there is a closure
of the stomata on the wilted leaf. Wilting is noticeable a few
minutes after the leaf is taken from the plant, but the stomata
are not closed for 20-30 minutes. Darwin (1898) reported this
behavior in a number of plants with which he worked. Laidlow
and Knight (1916) by means of a recording porometer showed
very clearly this behavior in Phasolus vulgaris. Lloyd (1908)
eould find no indications of this temporary opening in his work.
In patience dock this beahvior is very easy to observe
because of the large guard cells. In position on the uninjured
leaf 10 stomata averaged 10/x in width. Six minutes after the
leaf was cut from the plant 10 stomata from the same place on
the leaf averaged 17/* in width and 5 minutes later, 18.4/*; in
28 minutes after the leaf was cut from the plant all the stomata
were closed.
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If on the other hand the leaf is attached quickly to the water
tap instead of allowing it to wilt, and water is forced into the
leaf under a pressure- of about 3 atmospheres the opposite
behavior results; the stomata close immediately to about 10%
of their maximum width. If the pressure is removed so that
the intercellular spaces do not fill with water the stomata will
return to their former opening and on wilting they will close.
These observations substantiate the fact that in general light
is the most important factor concerned in opening and closing
of stomata but that the amount of water in the leaves also may
modify the degree of opening very markedly.
VI. RELATION OF STOMATA TO WATER LOSS FROM
THE LEAVES.
That the loss of water from the leaves occurs mainly through
the stomata has been proven by numerous investigators; but the
modifications of the rate due to variations in the size of the pore
is not as clearly understood. That complete closure of the
stomata stops water loss from the intercellular spaces of the
leaf can not be doubted, but some investigators seem to doubt
if complete closure ever occurs. In these investigations an
attempt was made to solve these two problems as far as the
water loss from patience dock is concerned. Two methods of
measuring water loss from the leaves were used. Direct
weighing of the plant which necessitated sealing in a pot and
thus limiting the root system; and the cobalt chloride method
of comparing the rate of water lost from a free water surface
with that from the leaves of the plant. In this method plants
growing in the soil can be used.
Figure 4 shows the hourly rates of water loss from the plant
and evaporation from a porous cup under similar environmental
conditions. These data were obtained by weighing a sealed
potted plant and an atmometer at hour intervals throughout
the day. The environmental factors were recorded by automatic
recording instruments. The transpiration curve shows that
there is a periodic water loss from the plant; a very low constant
rate during the hours of darkness with a very high rate during'
the day. The curve of water loss from the porous cup is very
similar to the transpiration curve and one might think at first
that the periodicity of water loss from the plant is due simply
to the increased "evaporating power" of the air. But a careful
examination of the data shows that this is not true. When the
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. FIGURE 4.
Comparison between transpiration and environmental factors.
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average hourly night rates of evaporation and transpiration
are compared with the same values for the day it is seen that
although the increase of day over night rate is considerable in
each case the rate of water loss from the plant has increased
many times more than the rate of evaporation. Table 4 shows
a comparison of the data given in Figure 4 made in this way.
The average day rate of transpiration was 51 times greater than
the average night rate, while evaporation has increased only
17 times. Even in the case of blackend cups, which absorb
heat energy to a greater degree than the green leaves and be at a
temperature slightly higher than the air, the increase was only 19
times. Since the same environmental factors tend to increase
both processes and are the same in each case, the conclusion is
TABLE 4.























obvious that some factor in the plant causes the added increase
df day over night rate. When the data for Figure 4 was obtained
the air was almost saturated at night with no wind and the
.following day was clear, hot, with quite variable wind velocities,'
thus presenting almost two extremes in environmental factors.
A similar set of data was obtained in the winter in the green-'
house, where the environmental factors between day and night
were more uniform. Wind was eliminated from the experiment'
in the greenhouse. The increase of day over night rate in this'
case is not as great. Transpiration in this experiment increased
9.7 times, while evaporation increased only 3 times. In both
experiments transpiration has increased about three times as
much as evaporation.
There are several possible causes of this periodicity of water
loss from the leaves; variations in amount of water in the
leaves, changes in the osmotic concentration of the mesophyll
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cells, changes in H-ion concentration of the mesophyll cells, and
opening and complete closure of the stomata, thus shutting off
water loss entirely from the intercellular surface of the leaf.
The amount of water in the leaves was found by drying at
104° C. to constant weight leaves without the petioles or mid-
ribs in glass stoppered weighing bottles. The average amount
of water in the leaves at night when they are turgid and crisp was
90.95%. There was no decrease in this amount until about
10:30 in the forenoon, when the amount had decreased to 89.3%
in one of the experiments. There was a gradual decrease from
that time until between 3-4 P. M., when the minimum of 88.8%
was reached. Although the leaves were still erect, they were
TABLE 5.
OSMOTIC VALUE AND PH VALUE OF THE JUICE PRESSED



























noticeably flaccid and not as crisp as at night, when they con-
tain the maximum amount of water. The amount increased
after 4 P. M. until at 9 P. M. the maximum amount was present
again. Livingston and Brown (1912) reported a decrease
in leaf water content of about 2% in the plants with which they
worked. Knight (1922) also reported about the same decrease.
In neither case were the leaves wilted. Under ordinary con-
ditions there is a daily variation of about 2% in leaf water
content of the leaves of patience dock.
Table 5 gives the osmotic pressure in atmospheres and the
pH value of the sap pressed from the leaves (without midribs) at
2-hour intervals during the day. The leaves were frozen, the
sap pressed out and the depression of the freezing point
determined with a Beckman thermometer. The pH values
were determined by the colorometric method of Clark (1920),
Freezing caused no change in pH value of the sap as checks
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with frozen and unfrozen tissue showed the same value.
Determinations in the depression of the freezing point at night
showed no further decrease in the values. This table shows
that there is an increase in the osmotic value of the sap during
the day reaching a maximum at about the same time the leaf
water content reaches a minimum. The H-ion concentration
fluctuated between pH 3.8-4.0, but with no consistent variations
which would indicate that there was a daily change in the pH
value. These variations are within the limit of error of the
method used.
The decrease in leaf water content and increase in osmotic
concentration during the day would tend to decrease the rate
of water loss from the leaves. But these factors appear to
have no very decided effect on the rate of water loss because it is
greatest when these factors would tend to reduce the amount.
Changes in acidity alter the hydration of colloids, but no con-
sistent change occurs in the leaves of patience dock, so the only
internal condition left to consider which would cause such a
large increase of day over night rate is the opening and complete
closure of the stomata.
Observations on the stomata of the uninjured leaves showed
that they were always closed at night. No exception to this
rule was found. They were always found open in the daytime
if.the leaves had not wilted. On wilted leaves they were often
found closed or almost closed, depending on how long wilting
had been evident. But the objection has been raised that
closure which appears complete under a microscope does not
mean hermetically sealing so that no water vapor can escape
through them.
An experiment was performed which shows that the stomata
of patience dock are closed tight at night so that water vapor
does not diffuse through them. Two similar plants were taken,
one placed in a dark box and the other on a table beside it.
The following day the time required for standard cobalt chloride
paper to change from blue to pink on similar leaves of each plant
was determined. Cobalt chloride paper from the same sheet
was taken for the test and both plants were at the same tem-
perature so the results are comparable. An examination of the
plants just before the tests were made showed that the stomata
on the plant in the light were open, while those in the dark were
closed. The paper changed to red in one minute and 40
seconds on the lower surface of the leaf with open stomata,
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while 75 to 80 minutes were required to produce the same color
change on the leaf with closed stomata. Assuming that the
rate of water loss is proportional to the time of color change,
water is lost from the leaf with open stomata 45 times as fast
as when the stomata are closed. Since according to the
"diameter law" modified to include elliptical openings, any
preceptible opening between the guard cells would allow 50%
of the maximum rate of water loss it is safe to conclude that no
water vapor is lost through the stomata when they are closed.
The change in the cobalt chloride paper on the leaf with closed
stomata represents the rate of water loss from the epidermis,





















Comparison between transpihation index and perimeter of the stomata.
,since very similar results are obtained from test on leaves with
stomata- only on one surface. In Vinca where the stcmata
occur only on the lower surface, the same cobalt chloride paper
-turned red in 2 minutes when the stomata were open, but 60 to
70 minutes were required for the same change under the same
conditions on the upper surface of the leaf.
The most important cause of the periodicity of water loss
from the-leaves of patience dock is the opening and complete
closure of the stomata. At night when the stomata are closed,
there is a very low constant rate because the environmental
factors on which this epidermal water loss depends are very
constant. But during the day when the stomata are open, the
rate is-very high and quite variable from time to time. This is
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due to the fact that the factors on which the rate depends are
many and are apt to vary considerable. Environmental
factors are usually more variable during the day than at night.
The internal factors are also quite variable and some tend to
increase the rate, while others tend to decrease it and no single
factors can be found on which the rate depends entirely. An
examination of the general shape of the curve of water loss
during the day, however, will show that it more nearly corre-
sponds in its main outline to the curve for average perimeter of
the stomata.
When the curve of transpiration index determined by the
cobalt chloride method is compared with the curve for perimeter
of the stomata there is still closer agreement between them.
Figure 5 gives the curve for transpiration index and perimeter
of the stomata. These data are the average of a number of
determinations of the time of color change of standard cobalt
chloride at each hour and for the same place on each leaf along
with the average size of the pores on those same areas of the
leaves. The curve of transpiration index and perimeter of the
stomata are almost the same because in this method of
measuring the relative water loss all environmental factors are
eliminated. Thus the curve of the transpiration index would be
more nearly a curve of the function of the stomata. This
curve does not indicate the actual rate of water loss from a plant
under ordinary conditions. When the cobalt chloride paper is
placed on the leaf air currents are absent and there is a layer of
dry air next to the leaf, since the cobalt chloride paper is per-
fectly dry when used. It is equivalent to measuring water loss
from a plant surrounded by perfectly dry still air.
These variations in the day rate of water loss as shown by
Figure 4 are due mainly to differences in temperature, humidity,
wind velocity, (caused by cloudiness), and leaf water content,
the main shape of the curve being due to the opening and closing
of the stomata.
VII. SUMMARY.
Patience dock was selected for this study of the physiology
of the stomata because of the very large guard cells. The
leaves are large and smooth and the plant grows well under
ordinary conditions. The epidermis can be easily removed so
that the guard cells can be studied under varying conditions.
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Brown and Escombe's laws of diffusion of gases through
small openings were checked and were further shown to apply to
elliptical openings.
Checks on the methods of measuring the dimensions of the
pores were made and the method of measuring the pores on the
uninjured leaf was chosen because of the variations shown when
the epidermis was removed from the leaf. A comparison of the
area, perimeter, and width of the pore during opening and closure
was made. The width of the pore is the best means of expressing
the degree of opening of the stomata.
When the dimensions of the pores were measured during the
day and under different environmental conditions considerable
variations were found. It was necessary to average a number
of measurements in order to have comparable results. A
rhythm of the opening of the stomata was observed in darkness
after a day in light and a temporary increase in the width of the
pore was noted when permanent wilting began.
In a study of the relation of stomata to transpiration the
effect of complete closure of the stomata was determined and
an attempt was made to correlate the variation in the pore
dimensions with the rate of transpiration from the leaves.
PART II,
PHYSIOLOGY OF THE GUARD CELLS.
I. OSMOTIC RELATIONS OF THE GUARD CELLS.
Since the time of Von Mohl, 1856, the opening and closing
of the stomata has been explained by changes in turgor of the
guard cells; but few investigators have made direct measure-
ments of this turgor. Iljin (1914) was the first to attempt a
measure of the pressure within the guard cells and the epidermal
cells. He reported the average osmotic value of the guard cells
to be 90-100 atmospheres when open, while the epidermal and
mesophyll cells were about 20 atmospheres. His determinations
were made by the plasmolytic method using KN03 in different
concentrations as a plasmolysing solution. Wiggins (1921)
using CaCl2 as a plasmolysing solution, determined the osmotic
value of the guard cells of Zebrina pendula, Cyclamen, Iresine,
and sugar beet. He found a higher pressure in the guard cells
than the surrounding cells when tne stomata were open, but his
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results were very lower than those obtained by Iljin (1914), the
difference between guard cells and epidermal cells averaging
about 13 atmospheres.
The method of determining the osmotic value of the guard
cells of patience dock in this work was the usual plasmolytic
method, taking as the osmotic value of the cells that con-
centration in which the cell contents showed the first indications
of shrinkage away from the cell wall. Two methods of applying
the different concentrations of the plasmolysing solution were
used. In the first method small pieces of the tissue were
placed in about 1 cc. of the different concentrations in a small
vial and examined after 2-5 minutes in a drop of that solution
on a slide under a microscope. In the second method a small
piece of tissue was placed across a narrow groove in a slide,
covered with a cover glass and the different concentrations of
the plasmolysing solutions were drawn through under the
cover glass with a filter pump. From 1 to 2 cc. of the different
solutions were used and allowed to remain in contact with the
tissue from 1-2 minutes or until no further change occurred in
any of the cells. The two methods gave very similar results
in all checks. The last method has the advantage of requiring
less material and of permitting continuous observations on a1
single group of cells. The uniformity of the results obtained1
by these two procedures indicated that the method is as accurate
as any other of the plasmolytic methods. The results are
usually too high because of some cell shrinkage before the
protoplasm pulls away from the cell walls. Knudson and
Ginsburg (1921) showed that if the tissue is properly frozen
and high pressures are used in extracting the juice that the
freezing point method and the plasmolytic method gave very
similar results.
All solutions used were standardized by the depression of
the freezing point method and the results are expressed in
atmospheres. Glucose, cane, sugar, CaCl2 and KNO3 were
used in order to eliminate, if possible, differences in permeability
of the guard cells. The osmotic value of .1M, .2M, etc.,
concentrations of the solutions were determined and a curve of
the values plotted from which pressures of any desired con-
centration could be read. Dilutions of the stock solutions were
made having values of from 1.2 to 2.5 atmospheres, depending
on the substance used. Records of pore dimensions and
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environmental factors were obtained for each period that
osmotic values were made.
Such wide ranges of variations in the osmotic values were
found that it was necessary to observe from 30 to 40 guard cells
TABLE 6.
OSMOTIC VALUE IN ATMOSPHERES OF THE GUARD CELLS, SUBSIDIARY CELLS, AND





















































































































































to obtain average results which were comparable. The average
values of the subsidiary cells, and epidermal cells were noted
and the average and maximum values of the guard cells were
determined. Because of the fact that pieces of the epidermis
were CUt and placed in water before starting the determinations
it was impossible to measure the size of the openings of individ-
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ual stomata and their osmotic value. The pore dimensions are
the average values from the same areas of the leaf before the
epidermis was removed.
Table 6 shows the osmotic values in atmospheres of the guard
cells, subsidiary cells, and epidermal cells, with average pore
dimensions from the upper epidermis of leaves of patience dock.
Marked differences between some of the values in this table are
shown. These differences are due, no doubt, to the difficulties
encountered such as distinguishing between the effect of a
solution of 15 atmospheres and one of 16.5 atmospheres,
variation in individual leaves and plants due to age, water sup-
ply, light, etc., since it is impossible to use the same piece of
epidermis for more than one determination.
The results shown when glucose, cane sugar, and CaCl2 are
used are quite similar, but those obtained from KNO3 are not
consistent. The highest concentration of KNO3 used, 27
atmospheres, failed to show any indications of plasmolysis
when the stomata were wide open. A test of the peremability
of the guard cells to the different substances showed that when
open the guard cells of patience dock were readily permeability
to KNO3. This suggests an explanation of the high values
reported by Iljin (1914) when only KNO3 was used. These
results agree quite closely with those reported by Wiggins
(1921). The osmotic value of the epidermal cells are quite
constant throughout the day, the variation being due to differ-
ences in material or experimental errors rather than real differ-
ences in concentration. The average value is about 13
atmospheres. The subsidiary cells show similar variations
but are always higher, averaging about 15 atmospheres. The
guard cells show values when they are closed below the sub-
sidiary and about equal to the epidermal cells, but much higher
values when they are opened. The maximum value was as high
as 23 atmospheres when fully opened, but averaged 19
atmospheres. Values as high as 27 atmospheres were noted in
some of the trials. The osmotic values when the stomata were
closed at night were carefully checked and the results showed
that the guard cells were 1 to 2 atmospheres lower than the
subsidiary cells. Thus the guard cells were actually pressed
together at night when they are closed.
Figure 6 shows the results of a similar experiment on the
guard cells and the surrounding cells of patience dock using
only cane sugar as the plasmolysing solutions. The results
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are expressed graphically and show the average pore dimensions
from the same leaf that the pieces of epidermis for the tests
were taken. The same general results as described in Table 6
were obtained. Many other measurements were made on the
osmotic values of the guard cells, but space does not permit
the presentation of all these data. These data showed that
there was no appreciable difference between the osmotic value















































Comparison between the osmotic value of the guard cells and
the width of the stomata.
pore dimensions do not always correspond very closely with the
average osmotic values of the guard cells. The midday closure
reported by Loftfield (192.1) was noticed in many cases, but no
change in osmotic values could be found that was correlated
with this closure unless the closure was complete, as in badly
wilted leaves. There was no increase in osmotic pressure in
the guard cells corresponding to the temporary opening just
before wilting, but when the stomata closed on permanent
wilting there was a decrease in osmotic value of the guard cells.
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As is shown in Table 3, there is a partial closure of the
stomata when sections of the epidermis and mesophyll are cut
and placed in distilled water, but when the epidermis is stripped
and placed in water the guard cells open wide. When these cut
sections with the stomata partly closed are subjected to suc-
cessively stronger plasmolysing solutions and the guard cells
carefully observed, it is seen that the guard cells gradually open
as the solution approaches the osmotic value of the epidermal
cells; then as stronger solutions are added the guard cells close,
and finally are plasmolysed. This behavior as well as midday
closure and temporary opening on wilting, seems to be due to
turgor changes in the surrounding cells as no corresponding
changes in osmotic values of the guard cells were found which
accounted for them.
It will be noted from Table 5 that the osmotic value of the
mesophyll cells determined by the depression of the freezing
point of frozen expressed juice was about 2-3 atmospheres
lower than the values of the epidermal cells obtained by plas-
molysis. It was impossible to see plasmolysis in the mesophyll
cells in those sections used for the determination of guard cells.
This would have been very desirable for a more accurate
comparison. Iljin (1914) reported the mesophyll cells and the
epidermal cells to have similar values. The difference in these
results is probably due to the difference in methods of determina-
tion, since no powerful press was used to extract the juice from
the frozen leaves and thus the values would be somewhat
lower than those determined by plasmolysis. It was found that
the osmotic values of all the cells of the different tissues of
the leaf were from 2-3 atmospheres lower when the plants
were growing in the greenhouse during the winter than when the
plants were in the soil out of doors.
In conclusion it can be said that the increase and decrease
in the osmotic value of the guard cells is the main cause of
their opening and closing, but that osmotic pressure alone does
not account for all their movements or changes in dimensions.
II. STARCH AND SUGAR CONTENT OF THE GUARD CELLS.
Darwin (1898) reported a change in the starch contents of
the plastids of the guard cells during opening of the stomata.
Lloyd (1908) proved that starch disappears from the plastids of
the guard cells of Verbena ciliata and Fouqueria splendens
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when they open. Iljin (1914) and Loftfield (1921) and Weber
(1924) also reported the same observations. In patience dock
the same change in starch content of the guard cells occurs.
In spite of the fact that Lloyd (1908) showed very clearly
that the starch content of the guard cells decreased when the
stomata open and thus their opening was not due to photo-
synthesis since in photosynthesis starch usually accumulates in
plastids, many people still explain the behavior of the guard
cells on this basis. The reason for this is due to their mis-
conception about the plastids of the guard cells, which on
casual examination appear to be chloroplasts. But a careful
examination and consideration shows that they are quite
different than the chloroplasts of the mesophyll. In patience
dock the chloroplasts of the leaf are 5-6ju in diameter, appear as
single structures and do not vary in size with their starch
content. The plastids of the guard cells have at the maximum
size a diameter of only 4/u, appear as compound structures, and
vary in size with their starch content. The starch in both the
plastids of the guard cells and the mesophyll cells does not show
a cross with polarized light, thus indicating a colloidal form
similar to starch paste rather than starch grains. Chlorophyll
develops in the chloroplasts when exposed to light only, while
the green color of the guard cells is shown under any conditions.
The green color in the plastids of the guard cells does not give the
micro-chemical tests for chlorophyll, but there is no conclusive
proof that it is not chlorophyll because of the extreme difficulty
of making the test on such small bodies. The green color of the
plastids of the guard cells does not disappear in continued dark-
ness while that in the chloroplasts does. The most striking
difference, however, is in the occurrence of starch in the two
.-structures. Starch is found in chloroplasts only in light and
rsoon disappears in continued darkness. Some leaves as banana,
lettuce, and onion, and probably many more, never show starch
in the chloroplasts at all. Starch occurs in the guard cells of
all plants examined under any condition where the guard cells
are completely formed even in plants grown from seed in com-
plete darkness, in white areas of variegated leaves, white shoots
of plants, albino corn, etc. Onion is the only plant examined
which did not show starch in the guard cells. Thus it can be
easily seen that the plastids of the guard cells are different
structurally, physiologically, and genetically, from the chloro-
plasts of the mesophyll cells.
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The iodine method was used in measuring the starch content
of the guard cells in this work. The amount of starch present
by this method cannot be expressed in percentages because
the test shows only a difference in the density of the blue color.
Very slight differences, however, can be detected if two pieces of
epidermis are mounted side by side after staining with iodine
so that half the field of the microscope will be occupied by each
piece. The results of these tests are expressed in four estimates;
no change, very slight change, moderate change, and very
striking change. They refer to an increase or a decrease in the
TABLE 7.
STARCH CONTENT, OSMOTIC VALUE, AND PORE DIMENSIONS OF THE GUARD CELLS




























































starch content of a given specimen when compared with another
specimen taken at some other time. Specimens were obtained
for every hour of the day, kept in alcohol, which removed the
chlorophyll and stained with iodine when examined. Table
7 gives the starch changes of the guard cells from the lower
epidermis of patience dock together with the pore dimensions
and osmotic values (CaCl2 used as plasmolysing solution).
This table shows that there is a decrease in the starch content
of the guard cells in the early forenoon which is correlated with
the rise in osmotic values and increase in pore dimensions.
On August 5 there occurred midday closure (partial) but there
was no corresponding decrease in osmotic value or increase in
starch content.
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Lloyd (1908) pointed out that this fluctuation in starch
content in the guard cells is just the opposite of that which
occurs in the mesophyll cells of the leaf. An experiment extend-
ing over parts of two days was performed to show this variation.
The width of the pore opening, starch content of the mesophyll
cells and guard cells were determined by the methods previously
described and are tabulated in Table 8. Starch increase in the
mesophyll cells in the forenoon and reaches a maximum later
in the day. But in the guard cells the starch content decreases
in the forenoon when the mesophyll cells show an increase.
TABLE 8.
COMPARISON OF STARCH CONTENT OF THE GUARD CELLS AND





















































The minimum occurs sometime before noon as Lloyd (1908) has
shown in his work. There are slight fluctuations during the rest
of the day with an increase again at night to the same amount as
was present very early in the morning. No changes in the
starch content of the guard cells during the hours of darkness
could be detected. In the mesophyll cells, however, there is a
gradual decrease during the night. Young rapidly growing
leaves contain no starch by morning.
The decrease in starch content of the guard cells in the morn-
ing indicates that the rise in osmotic value is not due to photo-
synthesis. This is further proved by the behavior of guard
cells in CO2 free air. Lloyd (1908) found normal behavior of
stomata in CO2 free air. Patience dock showed normal opening
and closure for four days in CO2 free air. After the first day no
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starch was found in the mesophyll and as the plant showed
signs of starving the fourth day,, the experiment was ended.
None of the investigators who studied starch fluctuations
in the guard cells have attempted to show that sugars were
present. They have assumed that if starch disappears sugar
increases because of the usual reciprocal relation between the
two and because the osmotic value rises when the starch
content decreases. Micro-chemical tests for the presence of
reducing sugars in the guard cells of Rumex patientia were
made as follows: a small quantity of copper tartrate was mixed
with 15% NaOH and a drop of this mixture placed on a slide, a
piece of epidermis was placed in this mixture, a cover glass was
added, and the slide was heated at 96° C. for 5 minutes. Equal
sized pieces of epidermis were used and the same concentration
of Copper solution was used, (mixed fresh before each test), so
that the results are comparable. The sugar content cf the
guard cells was determined by estimating the number of copper
oxide crystals formed which under identical test conditions
showed from 2 to 23^ times as many when the guard cells were
open as when they were closed.
We can conclude so far from this study of the physiology
of the guard cells that the principal cause of the opening and
closing of the guard cells is a change of the starch in the plastids
of the guard cells to sugar which raises their osmotic value.
III. EFFECT OF CHANGES IN ACIDITY ON THE STARCH AND
SUGAR CONTENT OF THE GUARD CELLS.
After the foregoing conclusions were obtained investigations
were started to attempt to find out the cause of the change from
starch to sugar in the guard cells. The reaction seems to be a
reversible one in which the total amount of carbohydrate
material does not vary, but is simply changed from one form to
another under certain conditions. Since such changes in plants
appear to be activated by enzymes the explanation of the change
would be some condition which favors the action of the enzymes.
The synthetic action of enzymes is inferred from the occurrence
of compounds in the plant and little is known of the conditions
under which they occur. But the hydrolytic action is easily
demonstrated and much is known of the conditions favorable
for this reaction. The H-ion concentration of the medium is
important in the hydrolytic action of enzymes; there is an
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optimum, a maximum, and a minimum value at which the
reaction occurs.
All attempts to isolate enzymes from the guard cells failed
because it was impossible to collect enough material to give a
solution of sufficient concentration for a study of their reactions.
But observations on the guard cells in different plasmolysing
and buffer solutions furnished an explanation of the conditions
favorable for the action of these enzymes. When the acidity of
the guard cells was determined colorometrically by the use of
Clark's indicators, it was found that the guard cells were slightly
more alkaline with Bromphenol blue when they were opened
than when they were closed. But it was impossible to determine
the pH values because of no accurate means of color comparison
under the microscope.
Attempts were made to find a buffer solution in which
the guard cells would remain alive so that the effect of different
H-ion concentrations could be studied. The phthalate buffers
of Clark (1920) proved very toxic to the guard cells; the proto-
plasm appeared to be precipitated or coagulated when the guard
cells were placed in this solution for an hour or more. Solutions
of potassium oxalate and potassium phosphate were not as
toxic as the phthalate solution, but it was difficult to make a
balanced solution from these of a required H-ion concentration.
Some results were obtained with these solutions, however, and
will be mentioned later. The best results were obtained by
using the juice-from the leaves of the plant, patience dock, as a
buffer solution. The juice was pressed from the leaves and
dialysed with an equal volume of distilled water. This produced
a clear liquid of pH value 3.8-3.9 and osmotic value of about 4
atmospheres. Guard cells appeared normal after 36 hours in
this solution, no coagulation or precipitation of the protoplasm
resulted. The pH value of this juice was adjusted to any
desired value by adding small quantities of dilute HCL or
NaOH.
When the guard cells were closed and were placed in this
juice which was adjusted to pH values of 3.6-3.8-4.0, etc., to
5.0, they remained closed in the pH 3.6-3.8—4.0 solution, also
in the pH 4.6-4.8—5.0 solution, but opened after 2 hours in the
solution of pH 4.2-4.4, When the opened guard cells were
placed in a series of these solutions they closed in all except the
pH 4,2-4,4 after 2 hours or more, These tests were repeated
many times and similar results were obtained each time. The
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pH value of each solution was tested before and after it was
used.
Similar experiments were conducted using phosphate buffers,
oxalate buffers and various nutrient solution all adjusted as near
as possible to the same series of pH values. Similar results were
obtained in all the tests, but they were not as consistent and
the guard cells did not open as wide or remain opened as long
as in the dialysed juice. The optimum opening, however,
occurred at about the same place in all cases; pH 4.2-4.4.
Determinations of the osmotic value of the guard cells and
their starch and sugar content showed that when this opening
occurred in the dialysed juice there was an increase in osmotic
value and sugar content and a decrease in starch content.
When closing occurred the opposite results were observed.
Since this opening and closing of the stomata in the dialysed
juice appeared to be just like that which occurs normally on the
uninjured leaf the theory is advanced that changes in acidity
are the cause of the starch to sugar changes in the guard cells.
Since these experiments were completed Weber (1923) has
published his results on the effect of different ions on the guard
cells. He found that Na- and K-ions favored the change of
starch to sugar, while Ca-ions favor the change of sugar to
starch. While determining the osmotic value of the guard cells
of patience dock it was noticed that the starch content of guard
cells which were plasmolysed several times with CaCl2 increased
considerably. But the same thing happened when cane sugar
or glucose were used as the plasmolysing solutions, so it did not
seem to be due to the Ca-ion. The concentration of the salt ion
in the dialysed juice was not changed materially by the addition
of small quantities of HCL or NaOH as were required to produce
the desired change. The only factor which is changed in the
series of buffers of the dialysed juice is the H-ion concentration,
and as the guard cells open in these different concentrations it
appears to be due to the change in H-ion concentration.
There is some further evidence to support this conclusion.
The effect of acid and alkaline atmospheres on the guard cells
was determined by the methods used by Small (1920) in the
geotropic response of roots. Leaves with the stomata opened
were placed in containers with varying amounts of dilute
ammonia and acetic acid and the guard cells were studied.
Opening to 50% of maximum occurred after 3-5 hours in
ammonia vapor in darkness, but no opening occurred in acetic
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acid vapor. Closure of opened stomata occurred in acid
atmosphere in light, but not in alkaline atmosphere. Since it
was necessary to enclose the leaf in a tight thick glass chamber
it was not conclusive proof whether acid atmosphere or lack of
light caused the closure. Over heating occurred if the con-
tainers were placed in full sunlight. These observations seems
to further indicate that changes in acidity of the guard cells are
the cause of the sugar to starch, or starch to sugar changes which
result in their opening or closing.
IV. PROBABLE CAUSE OF THE CHANGES IN ACIDITY
IN THE GUARD CELLS.
Normal opening and closing of the stomata does not occur
except in light, although all other conditions may be made as
favorable as possible. Light is the primary cause of opening
and closing, but is not the only cause as is shown by the behavior
of stomata in light during wilting and the failure of stomata to
open on wilted plants in the morning. Light, therefore, can
be said to cause a decrease in the acidity of the guard cells and in
darkness the acidity increases again. This fact is shown by the
colorometric tests on the guard cells, which show a more
alkaline color with Bromphenol blue when opened than when
closed; also from the behavior of guard cells in buffer solution of
dialysed juice and in alkaline atmospheres. This decrease in
acidity as indicated from the behavior of the guard cells in the
dialysed juice is most likely from about pH 3.8-3.9, the normal
acidity of the leaf juice, to about pH 4.2-4.4 in the morning
and reversed in the evening. Whether there is a similar change
during wilting can not be determined by these methods. The
temporary opening at the beginning of wilting seems to be due
to turgor changes of the surrounding leaf tissues. No change in
osmotic value or starch to sugar changes were found accompany-
ing this temporary opening, but on permanent wilting the
osmotic value and starch content do change considerably.
The results shown in Table 5 on the pH values of the leaf
juice indicate that there is no marked change in the acidity of
the leaf in light or in darkness as apparently occurs in the
guard cells. Acids accumulate at night in certain cacti, but
titration tests showed no such change in patience dock. There
is some evidence that light may change the acidity of the
epidermal cells. When the clear juice from the leaves is titrated
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with Na OH a reddish color appears at about pH 5.0-5.2. It is
therefore seen that the juice contains a natural indicator.
When leaves which have been growing in reduced light are
placed in strong sunlight a reddish color develops in the colorless
epidermal cells after a short time. Plants growing out of doors
show this reddish color, while those grown in the greenhouse do
not. Leaves subjected to alkaline atmosphere show exactly
the same red color development in the colorless epidermal cells.
These observations would indicate that there is a decrease in
acidity of the epidermal cells due to light which does not occur
in the rest of the leaf. Similar changes might occur in the guard
cells.
There are three theories which could be advanced to account
for this decrease in acidity in the guard cells.
a. The decrease may be due to the accumulation of organic
acids in darkness which are further oxidized to CO2 and H2O in
the presence of sunlight. Such changes are known to occur
in cacti. This theory would fail to account for the closure of
stomata on wilted leaves-in sunlight.
b. It may be due to some rearrangement of the components
of protoplasm in light where acids are decreased.
c. It may be due to the accumulation of CO2 from respiration
which would be used in photosynthesis in sunlight, but not in
darkness. Any cell low in buffer action would be changed
considerably by its accumulation.
Micro-chemical tests for minerals in the guard cells showed
negative results, but this is not conclusive proof of their absence
because of the difficulty of making the test on such small cells.
Low mineral content would mean low buffer action. More
localized tests might definitely prove this point. The explana-
tion of the behavior in light on permanent wilting could be
explained on the theory of low buffer action by dilution or
concentration of the H-ions due to loss of water by evaporation.
V. SUMMARY.
Measurements of the osmotic values of the different cells of
the leaf were made by the plasmolytic method and by the
depression of the freezing point. The guard cells increase in
value in light, but no such variation in the other cells of the
leaf were found.
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Micro-chemical tests of the starch and sugar content of the
guard cells and the starch content of the mesophyll cells were
made. The increase in the osmotic value of the guard cells was
correlated with a change of the starch to sugar in the guard cells..
The effect of non-toxic buffer solutions adjusted to known
pH values was studied. It was found possible to open or close-
the stomata at any time either in light or in darkness by placing;
the epidermis in the proper pH value of the buffer solution. A
theory is advanced that changes in acidity account for the
change of starch to sugar in the guard cells. The probable
causes of this change in acidity are considered, but more
experimental data are necessary to prove the exact nature of this
change.
CONCLUSIONS.
The data presented in this paper seem sufficient to warrant
the following conclusions concerning the physiology of the
stomata of patience dock:
1. The stomata of patience dock close completely at night
and check the loss of water from the intercellular spaces of the
leaf. '
2. The opening and complete closure of the stomata is the
principal cause of the periodicity of transpiration from the
leaves.
3. When open the stomata modify the rate of water lost
from the intercellular spaces of the leaf in proportion to changes
in their perimeters, not to changes in their areas.
4. Sunlight is the principal environmental factor concerned
in the opening and closing of the stomata, while the amount of
water in the leaves and the acidity of the guard cells are the
two internal conditions directly concerned with stomatal
movements.
5. The guard cells of patience dock contain green plastids
which are structurally, physiologically, and genetically different
from the chloroplasts of the mesophyll cells.
6. The starch to sugar change in the guard cells is a
reversible reaction which goes in either direction, depending
on the changes in acidity of the guard cells.
7. The series of changes which results in the opening of
the stomata is as follows:
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(a) In the morning light decreases the acidity of the guard
cells.
' (b) This decrease in acidity makes conditions more favorable
for the hydrolytic action of diastase.
(c) The diastase in the guard cells changes the starch to
sugar.
(d) The formation of sugar results in an increase in the
osmotic value of the guard cells.
(e) Water enters the guard cells from the epidermal cells
which do not change in osmotic value and causes them to
swell.
(f) The swelling of the guard cells causes the pore to open
because the thickened cell wall around the pore stretches
less than the thinner walls of the cell.
8. This series of changes does not take place if the leaves
-are wilted when light first falls on them. If wilting occurs after
the stomata are open the reaction is reversed, so that the sugar
changes to starch and the stomata close even in full sunlight.
9. In turgid leaves the stomata remain open until evening
and then close by a reversal of each change which causes them
to open. - , - . • • - -
10. By artificially changing the acidity of the guard C'ells
in non-toxic buffer solutions the stomata can be opened or
•closed either in light or in darkness.
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